Purpose: To propose and test the feasibility of a novel method for quantifying 3D regional pulmonary kinematics from hyperpolarized helium-3 tagged MRI in human subjects using a tailored image processing pipeline and a recently developed nonrigid registration framework.
QUANTIFICATION OF CYCLICAL respiratory lung deformation using magnetic resonance imaging (MRI) enables in vivo assessment of lung physiology with high spatiotemporal resolution. Several studies have demonstrated the effects of lung disease on the compliance of the lung, some globally and others regionally (1, 2) . Such studies assume that determination of the mechanical characteristics of the lungs may facilitate the diagnosis of the severity of disease and the predicted extent of recovery in the afflicted lung. Recent developments in lung MRI using hyperpolarized helium-3 and MR tagging techniques have paved novel investigatory avenues for quantifying pulmonary kinematics (3) (4) (5) (6) .
Invented in the late 1980s, MR tagging techniques have proven useful for the noninvasive visualization of the dynamic behavior of transmural myocardial tissue (7, 8) . Such techniques are invaluable for researching the effects of myocardial diseases on cardiac function. At a specific timepoint of the cardiac cycle saturation patterns are generated within the myocardium using selective radiofrequency (RF) excitation, typically at end-diastole. These saturation patterns are typically arranged in thin planar regions of the myocardium perpendicular to the imaging planes and generally last through systole and most, if not all, of diastole. Such planes of hypointense signal are known as tag planes. Imaging geometry permits visualization of myocardial contractility via the set of tag plane/ imaging plane intersections known as tag lines.
Application of tagging technology to the lungs is difficult due to technical issues associated with conventional proton lung MRI, such as the low proton density of inflated lung tissue. Attempting to overcome such difficulties, a fast sequence was developed in which tag lines demonstrate greater permanency and contrast than conventional tagging sequences (9) . Similar work using a modified SPAMM sequence was used to calculate regional measurements during respiration (10) . However, identical MR technical issues (eg, low proton density and local magnetic field inhomogeneities) limit the analysis to relatively short periods and to two dimensions.
In contrast, hyperpolarized 3 He MR lung imaging does not suffer from the same technical difficulties as conventional MR lung imaging, making it possible to visualize pulmonary deformation over the end-inspiration-to-end-expiration portion of the respiratory cycle (3). However, tagged 3 He MRI of the lung is characterized by indistinct boundaries with no reliable anatomical features. Thus, tracking of the tagging features is essential for reliable calculation of kinematic quantities.
Original forays into developing motion tracking algorithms for tagged pulmonary hyperpolarized 3 He imaging data were limited primarily to 2D analysis in considering only the correspondences between grid centers of subsequent frames for interpolating a continuous deformation field (4) (5) (6) . We propose a new framework for assessing pulmonary deformation from tagged 3 He MRI using various image processing techniques in conjunction with a recently developed nonrigid point-set registration framework.
MATERIALS AND METHODS
Given two configurations of a deformable body, such as the lung, extraction of kinematic quantities requires the establishment of a continuous mapping between the two configurations. Figure 1 illustrates two sample tagged 3 He MR coronal slices at end-inspiration and end-expiration extracted from their corresponding image volumes. A continuous transformation between the two configurations is established by finding the correspondence between the sets of tag planes in the end-inspiratory/end-expiratory image pair where the end-inspiratory phase image serves as the reference configuration.
The basic processing pipeline consists of five major steps. Following image acquisition, image processing techniques (detailed below) are applied to the endinspiratory images for segmentation of both right and left lungs in addition to all three sets of tag planes. Second, each individual lung at end-expiration is registered to its corresponding configuration at end-inspiration using an affine transformation. The registered endexpiratory images are then passed through the same image processing pipeline originally applied to the endinspiratory images to segment the three sets of expiratory tag planes. Using a nonrigid point-set registration framework, the deformed end-expiratory images are registered to the end-inspiratory images. Finally, the composition of the transformations provides a total deformation field from which kinematic quantities, such as strain and displacement, are calculated.
Image Acquisition
Three subjects participated in this feasibility study approved by the local Institutional Review Board. Imaging with hyperpolarized 3 He was performed under a physician's Investigational New Drug application (IND 57866) with informed consent obtained from each subject. Subject 1 was a normal male. Subject 2 was a diagnosed asthmatic. Subject 3 was a female who had previously undergone right lung transplant for advanced pulmonary fibrosis and thus had a normal right lung and a fibrotic left lung. MRI was performed using a 1.5 T whole-body scanner (Siemens Sonata, Erlangen, Germany), and 3 He gas was polarized to %40% using a commercial system (Model 9600, MITI). Following inhalation of a 1-L mixture of %400 mL hyperpolarized 3 He and %600 mL N, 3D tagging grids were created at maximum inspiration by applying sinc-modulated RF-pulse trains consecutively along all three principal axes. Tag spacing was 22 mm. The grid-tagging preparation was applied first, followed by a FLASH-based 3D image acquisition at full inspiration with the following parameters: TR/ TE ¼ 2.0/0.7 msec; FOV ¼ 340 Â 280 Â 198 mm; matrix ¼ 64 Â 64 Â 22; flip angle ¼ 1. The subject was then instructed to exhale completely, and the FLASH-based acquisition was repeated following a pause of 2-3 seconds. Total scan time was 7.4 seconds. The short TE of the FLASH sequence was achieved by using the asymmetric readout, yielding a partial k-space acquisition.
Image Preprocessing
A flowchart describing the algorithmic workflow used to preprocess the end-inspiratory images and warped end-expiratory images is illustrated in Fig. 2 . The end-inspiratory image is initially filtered via the image preprocessing pipeline. First, a retrospective bias field correction algorithm, known as N3 (nonparametric nonuniform intensity normalization) (11, 12) , is used to correct potential bias field effects in the hyperpolarized 3 He images caused by instrumentation issues such as RF nonuniformity, static field inhomogeneity, and/or subject motion.
Following bias field correction, a grayscale dilation operation with a 3 Â 3 Â 3 cubic structuring element is applied to the end-inspiratory image (13) . Sample results are illustrated in Fig. 2 . This operation smoothes out the intensity peaks associated with each tagging grid element and accentuates the cubic structure of each element. The output of the grayscale dilation operation is automatically thresholded (14) to separate the grid elements from the image background. This is an intermediate step to creating a lung mask that labels the right and left lungs.
A binary morphological closing operation with a ball structuring element of radius 5 voxels is used to join the segmented tagging elements (13) . Due to the Pulmonary Kinematics From anatomical proximity of the anterior portions of the right and left lungs, this step might result in a single connected component. To ensure a separation of the right and left lungs, we perform the following set of operations on each image. Starting at the apex of the lung we proceed in the axial direction processing each individual axial slice. At each axial slice the minimum path separating the image into two left/right components is found (15) . The technique discussed previously (16) is used to fit a smooth surface to all the minimum axial paths. This surface is used to separate and identify the right and left lungs.
Once the right and left lung image masks have been identified the tag planes are subsequently segmented. A Gabor filter bank strategy (17) originally used for cardiac MRI is used to accentuate the tag planar structures in the three orthogonal directions (one for each tagging direction) in the grayscale dilation image. Hard segmentations of the tag planes are obtained by finding the zero-crossings of the first derivative of the filtered image in each of the three tag plane directions. The result is a set of labeled sampled points corresponding to the three orthogonal tag planes for both the right and left lungs. Sample results of this segmentation are shown in Fig. 2 .
As mentioned previously, the set of points for the end-expiratory image is obtained in identical fashion using the previously described algorithmic pipeline. However, this is preceded by a piecewise affine image registration where each lung of the end-expiratory image is warped to the corresponding lung of the endinspiratory image. The two affine registrations are combined into a single quasi-piecewise affine deformation by fitting to a single B-spline deformation field (18) which ''pulls'' the end-expiratory images into the space of the end-inspiratory images. These warped end-expiratory images are then processed through the same pipeline discussed in the previous section to obtain the corresponding segmented tag planes.
Nonrigid Lung Registration
At this stage there are three sets of tag planes for each lung for both the end-inspiratory and quasiaffine warped end-expiratory images producing two point-sets for subsequent registration. Each point-set is comprised of six labels (three labels corresponding to the axial, coronal, and sagittal for the right lung and the left lung) to which we apply a labeled pointset registration algorithm developed by Tustison et al (18) which has also been made publicly available (19) . This algorithm is based on the Jensen-Havrda-Charvat-Tsallis (JHCT) divergence, which provides a similarity measure between two probability density functions (PDF). Each point-set is modeled as a PDF via a Gaussian mixture model. Given a point-set representing a set of tag planes defined by N points, X ¼ {x 1 ,x 2 ,. . ., x N ), the corresponding PDF is defined as:
is a normalized Gaussian with mean x k i and covariance C k i evaluated at s. The JHCT divergence is calculated from K PDFs as follows:
where H a (Á) is the Havrda-Charvat-Tsallis entropy defined by:
: ½3
The prior weight, g k , of the k th point-set is defined to be the ratio of the number of points in that pointset to the total number of points. The JHCT divergence measure and the transformation model are used to bring the tag planes into correspondence. The transformation model is a variant of the widely used free-form deformation approach, known as directly manipulated free-form deformation (20) . This transformation model, composed with the affine transformation, provides a continuous mapping describing the nonrigid deformation of the lungs occurring between inspiration and expiration. Sample results showing the alignment before and after of a single set of tag lines in a coronal slice are given in Fig. 3 .
Strain Calculation
Once the deformation field has been obtained from the point-set registration, local strain is calculated from the deformation field. The 3D deformation gradient tensor, F, is calculated using:
where the displacement mapping, x(m,n,v), relates the coordinates of a material point at end-inspiration to its coordinates at end-expiration. From the deformation gradient tensor, the Lagrangian strain tensor, E, is then given by:
where I is the identity matrix and T is the transpose operator. Calculation of the quantity n T En provides the values of the normal strain given in the direction of the unit vector n.
RESULTS
Mid-coronal displacement fields for Subject 1, Subject 2, and Subject 3 are illustrated in Fig. 4 . As expected, the predominant direction of displacements occurring with expiration is from inferior to superior. There is a gradient of the magnitude of the displacement from inferior to superior with greater displacements near the diaphragm which moves significantly during respiration and lesser displacements near the apex.
Mean displacements were calculated from the total displacement fields in the superior, middle, and inferior portions of the lungs where the height of each of the three regions is derived from an equal partitioning of the distance between the extreme basal and apical points of the lung. These values are given in Table 1 . In agreement with all the subjects, Subject 1 (normal) exhibited a decrease in mean displacement value in the apex of the lung relative to the mid and superior regions. However, the difference of the mean displacement values between the superior and inferior regions in both the right and left lungs (respectively 3.7 mm and 7.9 mm) was less than that of Subject 2 (asthmatic) who had a range of differences in mean displacement values of 20.2 mm and 18.1 mm in the right and left lungs, respectively. This was also the case when comparing the difference in mean displacement values between the superior and inferior The mean directional strains in the axial, coronal, and sagittal directions were also calculated. A couple of interesting observations can be made from the mean axial strain (direction of predominant displacement), e yy , given in Table 1 . With a minor difference in the apical portion of the lung, the mean axial strain of Subject 1 was relatively constant in both the right and left lungs. Similar mean axial strain quantities are demonstrated for Subject 2. Subject 3, in contrast, exhibited much larger strain variation throughout all portions of the lungs. For all three subjects the strain in the inferior-superior direction was greater than the strain in the anterior-posterior or right-left directions, indicating greater lung deformation in the inferior-superior direction.
DISCUSSION
Tagged MRI using hyperpolarized 3 He has potential over conventional tagged MRI in the lung for pulmonary mechanics research. We presented a technique demonstrating the feasibility of calculating 3D kinematic quantities from hyperpolarized 3 He tagged MRI. We also point out that the principal components of the analysis pipeline have been made freely available to other researchers in the form of open source software. Displacement fields and strain results derived from one normal subject, one asthmatic subject, and one advanced pulmonary fibrosis patient who had undergone right lung transplant surgery were also provided. Several significant differences exist between our proposed framework and previously reported methods for analyzing this type of lung image data. First, the tracking algorithms previously developed are primarily focused on 2D analysis which, given certain assumptions, makes locating and tracking grid centers much more tractable. However, the full 3D motion of the lungs in which grid centers move in and out of the 2D image plane makes tracking grid centers difficult. This motivated our full 3D algorithm in which tag planes are segmented and tracked using a novel labeled point-set registration algorithm tailored for tagged MR imagery which provides a more continuous and robust feature set.
In conclusion, the results demonstrate the potential utility of using our method to automatically quantify pulmonary kinematics with hyperpolarized 3 He tagged MRI to determine the effects of various lung diseases on parenchymal elasticity. Given the established feasibility of our automated workflow based on the results from the three subjects, further clinical studies will be used to statistically characterize the effects of lung disease on compliance. In addition, we plan on investigating the adaptation of our proposed framework to analyzing tagged MRI of the heart for noninvasive cardiac kinematic quantification. Displacement is given in millimeters. For directional strains, x is in the left/right direction, y is in the inferior/superior direction, and z is in the posterior/anterior direction.
